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N0 =
Z +∞
−∞
D(E)f(E − EF)dE (4)
where USF and UDF are deﬁned as
USF = EF − qVSC (5)
UDF = EF − qVSC − qVDS (6)
VSC is the self-consistent voltage, D(E) is the density
of states,Ef is the Fermi level, f is the Fermi probability
distribution, q is the electronic charge and E represents the
energy levels per CNT unit length.
The self-consistent voltage VSC is derived from the total
device charge density and hence must be calculated using
an implicit relationship. This relationship is given by the
following equation [8]
VSC = −
Qt + qNS(VSC) + qNd(VSC) + qN0
CΣ
(7)
where Qt represents the charge stored in terminal capac-
itances and is deﬁned as
Qt = VGCG + VDCD + VSCS (8)
where CG,CD,CS are the gate, drain,and source capac-
itances correspondingly and the total terminal capacitance
CΣ is
CΣ = CG + CD + CS (9)
For the purpose of circuit modeling, we propose to ap-
portionequalparts of theequilibriummobilechargedensity
N0 to the drain and source, and introduce the correspond-
ing non-equilibriummobile chargedensities QS and QD as
follows
QS(VSC) = q(NS −
1
2
N0) (10)
and
QD(VSC) = q(ND −
1
2
N0) (11)
The non-equilibrium mobile charges can now be repre-
sented as circuit capacitances as shown in the equivalent
circuit of the model in ﬁgure 1 connected between the drain
and source correspondingly and the inner node Σ that rep-
resents a hypothetical point which combines all the CNT
charges that affect the self-consistent voltage and hence
the drain-source current IDS. As in our model the self-
consistent voltageVSC is a piece-wise linear functionof the
terminal voltages VG, VS and VD, the capacitances which
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Figure 1. Equivalent circuit for the proposed
CNT model.
store the source and drain mobile charges QS and QD are
also piece-wise linear and controlled by the terminal volt-
ages.
As it has already been highlightedin Introductionabove,
evaluation of the self-consistent voltage directly from equa-
tion (7) involves a time consuming Newton-Raphson it-
erative process. Each Newton-Raphson iteration in turn
requires evaluations of integrals to obtain state densities
Ns(VSC) and Nd(VSC). Below we show how these
calculations can be vastly simpliﬁed without a signiﬁ-
cant loss of accuracy. The typical dependence of non-
equilibrium mobile charge density at the source, calculated
from equations(3) and (10) , is illustrated in ﬁgure 2. Cor-
responding graphs for the drain charge density have similar
shapes. Figure 2 also shows sample piece-wise linear ap-
proximations of the charge density curves. As explained
below, this numerical linearization, where piece-wise linear
regions are expressed by equations (15) and (16), leads to
vast CPU time savings as it completely eliminates the need
for Newton-Raphson iterations and numerical evaluation of
state density integrals.
Unlike what has been proposed in a recent publication
[8], that a three-piece linear approximationof the state den-
sities should rely on symbolic calculations of slopes and in-
tersection points from CNT parameters, the approach we
suggest here is to not to link the slopes and intersection
points to CNT parameters directly but rather to use an ar-
bitrary number of them and adjust their slopes and inter-
section points to maximize the overall drain current charac-
teristic accuracy. In the next section we show test results
with this approach applied to a 3-range and 5-range piece-
wise linear approximation of the charge densities. This,
purely numerical rather than symbolic, approach not only
gives the model developer more control over the accuracy
but also leads to a dramatic saving in the processing time.
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Figure 4. Drain current characteristics for
Ef=-0.32eV at T=300K. Solid lines - FETToy,
dashed lines - proposed model using 3 linear
ranges of the charge densities.
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Equations (5) and (6) yield
∂USF
∂VG
=
∂UDF
∂VG
= −q
∂VSC
∂VG
(21)
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From equation (7) and the linearised approximation de-
ﬁned by equations (15) and (16), VSC derivatives are con-
stant in each piece-wise region and can be estimated as:
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Figure 5. Drain current characteristics for Ef=
0 eV at T=300K. Solid lines - FETToy, dashed
lines - proposed model using 5 linear ranges
of the charge densities.
∂VSC
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CΣ + q(As + Ad)
(26)
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CΣ + q(As + Ad)
(27)
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CS
CΣ + q(As + Ad)
(28)
Hence, from the above equations, equation (12) and
equation (14), the drain current derivatives required to cre-
ate a companion model for an analog circuit solver can be
estimated as
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